Background Diet and exercise during pregnancy have been used to prevent gestational diabetes mellitus (GDM) with some success.
Introduction
Gestational diabetes mellitus (GDM) is associated with a series of adverse maternal and offspring outcomes. Women with GDM are at higher risk of pre-eclampsia, caesarean section, and the future development of type-2 diabetes mellitus. 1 Children born to women with GDM are prone to macrosomia and long-term cardiometabolic risk. 2 With the prevalence of GDM increasing to 16.4% globally, 3 efforts have accelerated to promote its prevention.
Hyperglycaemic diet, inactivity, and excessive gestational weight gain are modifiable risk factors of GDM, 4 so many randomised controlled trials (RCTs) have attempted to reduce GDM by diet, exercise, or combined interventions during pregnancy, but the results were mixed. Eleven RCTs of combined diet and exercise modifications have shown no significant difference in GDM risk (relative risk, RR 0.92; 95% CI, 0.68-1.23). 5 A recent meta-analysis pooled 29 RCTs implementing diet, exercise, or combined interventions, however, and found a significant reduction in GDM (RR 0.80, 95% CI 0.66-0.97). 6 Considering that a great number of new trials have been conducted since the last meta-analysis on this topic, we need to update the meta-analysis to examine the effectiveness of lifestyle interventions.
More importantly, individual RCTs displayed inconsistent effectiveness and it prompted us to question what made some interventions more effective than others? Currently, the cost-effectiveness of lifestyle interventions to prevent GDM is not high. A research study estimated that the total costs associated with care for one GDM patient ranged between £3105 and £8753, depending on the severity of GDM. In order to avoid one case of GDM, however, we need to intervene with 88.5 pregnant women and spend £13 000 implementing lifestyle interventions. 7 In order to improve both the effectiveness and the cost-effectiveness of interventions, key features of successful interventions need to be identified. Instead of a generalised recommendations, we looked for specific strategies that were easy to implement. For example, who are the target population that benefited the most? When should we initiate the interventions? What was the minimum intensity of interventions required to make a difference?
In this meta-analysis, we aim to: (i) investigate whether lifestyle interventions during pregnancy prevented GDM; and (ii) explore which characteristics related to participants, interventions, and study design contributed to an effective intervention.
Methods

Data sources and searches
We followed the Preferred Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA) guidelines and searched PubMed, Scopus, and Cochrane from inception to 15 July 2017 ( Figure 1 ). We searched for RCTs that started diet and exercise interventions during pregnancy and before the oral glucose tolerance test (OGTT) with GDM incidence being reported (either as a primary or as a secondary outcome). Search terms are listed in Appendix S1, and articles returned were supplemented by cross-references. No patient is directly involved in this study.
Study selection
Inclusion criteria were RCTs that evaluated any lifestyle interventions during pregnancy with the potential to prevent GDM. A full spectrum of GDM diagnostic criteria were adopted by these trials and were all accepted in our analysis, such as the criteria defined by the American Diabetes Association (ADA), the Australasian Diabetes in Pregnancy Society (ADIPS), the Canadian Diabetes Association (CDA), the Fourth International Workshop Conference (FIWC), the International Association of Diabetes and Pregnancy Study Groups (IADPSG), the World Health Organization (WHO), and others, as listed in Appendix S1. Exclusion criteria were as follows: (i) studies with overlapping subject groups (in such cases, the primary study was included and the pilot study was excluded); 8, 9 (ii) studies with no GDM case in the intervention group or the control group; [10] [11] [12] and (iii) studies with severely unbalanced risk factors or dropout rates that were suspected to exaggerate the effect of interventions (detailed in Appendix S1). 13, 14 Data extraction and quality assessment Two independent reviewers (XYG and XHF) extracted data in duplicate according to a structured spreadsheet (Table S1 ) and assessed study quality using the Cochrane Collaboration's tool (Table S2 ). In the case of a disagreement, a third author (XPC) was consulted.
Data synthesis and analysis
In the meta-analysis, the pooled effect size of lifestyle interventions was estimated by the random-effects model with inverse variance weighting. Heterogeneity among studies was quantified by I, 2 which was considered low at <25%, medium at 25-75%, and high at >75%. A funnel plot with Begg's test was performed to screen for publication bias. 15 We were interested in exploring the predictors of the effect size of an intervention and we systemically examined possible moderators concerning participants, interventions, and study design. 
Moderators concerning participants
As being overweight or obese is an important risk factor of GDM, we meta-regressed the body mass index (BMI) of participants at baseline (before or in early pregnancy) and the natural logarithm of the relative risk (ln RR) to test whether women with higher BMIs would have greater benefit from interventions. The GDM incidence rate in the control group was used as the baseline risk of GDM in this population, and we investigated whether the baseline risk affected the effect size.
Moderators concerning interventions
As for factors related to interventions, we investigated the type of interventions (diet, exercise, or mixed), the timing of initiation (week of gestation), and the intensity of interventions. Measures of intervention intensity were diversified according to the type of interventions. Exercise interventions were usually group sessions led by physiologists lasting for 50-60 minutes at level 12-14 of Borg's scale (medium hard). Considering that the sessions actually attended was what mattered, rather than the sessions that were planned, we measured exercise intensity by in-person sessions attended every week (calculated as planned sessions multiplied by attendance rate). The intensity of dietary interventions was measured by the average difference in calorie intake every day between the intervention and the control groups. Although the glycaemic index of a woman's diet was a valuable variable, it was left out of the analysis because only a few studies reported on this aspect. Considering that both exercise and dietary interventions would result in a reduced gestational weight gain (GWG) if participants followed the intervention, we also included GWG as an integrated measure of intervention intensity and adherence.
Moderators concerning study design
We conducted subgroup analyses to evaluate the influence of factors related to study design, such as whether GDM was the primary outcome and whether the trial was conducted in multiple centres. Given that various GDM diagnostic criteria were adopted, we further analysed whether GDM diagnostic criteria influenced the effectiveness of interventions. As most of the criteria were only applied once or twice, such as CDA, FIWC, WHO 1999, and others, we combined them in our analysis.
All data analysis was performed in R 0.99.903. Statistical significance was set at the 95% level (P < 0.05).
Results
Basic characteristics of the included studies
A total of 979 articles were identified and 47 RCTs were finally included (Figure 1 ), involving 15 745 participants in total. These trials evaluated the effect of diet, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] exercise, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] or both, 39,46-62 on GDM prevention. Basic characteristics were listed in Table S1 . Interventions started from 7 to 20 weeks of gestation, targeting various populations. The majority of trials recruited participants who were overweight or obese before or during early pregnancy, whereas some trials recruited participants with other risk factors of GDM, and some others did not evaluate related risk factors. The GDM diagnostic criteria adopted by these trials were diverse. Study quality was evaluated as described by Table S2 . Overall, the risk of bias was acceptable, excepting performance bias, because the nature of the interventions meant that participants were aware of their grouping.
Effects of the lifestyle intervention
Compared with standard care, the overall effect size of diet, exercise, and mixed interventions during pregnancy was a 23% reduction in the risk of GDM (RR 0.77, 95% CI 0.69-0.87, P < 0.0001, I 2 40%; Figure 2 ). An exercise intervention resulted in an RR of 0.70 (95% CI 0.59-0.84), a diet intervention resulted in an RR of 0.75 (95% CI 0.59-0.95), and a mixed intervention resulted in an RR of 0.86 (95% CI 0.71-1.04). No significant differences existed between these three types of interventions (P = 0.30). Publication bias was acceptable considering that the funnel plot ( Figure S1 ) demonstrated an overly symmetrical scattering and that Begg's test was not significant (P = 0.34).
Moderators of the effectiveness: meta-regression analyses
There was a significant negative correlation between the baseline incidence of GDM and the natural logarithm of the relative risk (ln RR) of an intervention ( Figure 3A) . In other words, the higher the baseline risk of GDM, the better the preventive effect. According to the meta-regression model the RR of an intervention is approximately 0.8 for a population with a 20% GDM incidence, which means that for every 100 pregnant women who received an intervention, four cases of GDM could be avoided. If we intervene in a population with 40% GDM incidence, we could expect an RR of 0.65, which means 14 GDM cases being avoided for every 100 women receiving an intervention. This indicates that targeting a high-risk population should lead to higher cost-effectiveness. As being overweight or obese was a well-established risk factor of GDM, many RCTs used it as an inclusion criterion. Interestingly, the baseline BMI of participants was not correlated with the effect size of the interventions ( Figure 3B ). This indicated that although an elevated BMI usually led to a higher risk of GDM, BMI alone was not enough to predict the risk of GDM nor to identify the population that would respond well to the interventions. Preventive interventions of GDM should start as early as possible, as the effect size was significantly correlated with the initiation time of the intervention ( Figure 3C ). We further explored the intensity of interventions necessary to make a difference. In search of a unified measure of the intensity of both diet and exercise interventions, we believed that the reduced intake and the increased expenditure of energy would both result in a reduced gestational weight gain. Therefore, the intensity of interventions could be reflected by the gap of gestational weight gain between the intervention group and the standard care group. Significant positive correlation was demonstrated between reduced gestational weight gain and the effect size of interventions ( Figure 3D ). As for trials fostering exercise, exercise of moderate intensity for 50-60 minutes twice a week could lead to a roughly 24% reduction in GDM, and to a roughly 35% reduction through exercising three times a week, according to the meta-regression model ( Figure 3E ). As for dietary interventions, reduced calorie intake showed a trend of better effect but was not significant ( Figure 3F ). Table 1 provides the results of subgroup analyses for study design and study quality. No significant differences were found between different types of interventions (P = 0.30), nor between studies of different quality (P = 0.07). Whether a trial set GDM as the primary outcome or whether it was carried out in a single centre did not significantly alter its evaluation of the effectiveness, which attested to the credibility of these trials. Effect size did not significantly differ no matter which GDM diagnostic criteria were applied (P = 0.06); however, the ethnicity of the participants was found to be an influential feature (P = 0.02).
Moderators of effectiveness: subgroup analyses
Discussion
Main findings
Forty-seven RCTs involving 15 745 participants showed that diet and exercise during pregnancy were preventive of GDM (RR 0.77, 95% CI 0.69-0.87). Four important effectiveness moderators of lifestyle interventions have been identified: targeting the high-risk population, as predicted by risk evaluation models; early initiation; proper intensity and frequency of exercise; and gestational weight gain management. Intervening in a population with 20% GDM incidence could reduce about 20% of GDM. Exercise of moderate intensity for 50-60 minutes twice a week could lead to an approximately 24% reduction in GDM, and to an approximately 35% reduction in GDM with exercising three times a week.
Strengths and limitations
This is the first meta-analysis to give quantified estimations of how specific features influenced the effect of preventive interventions. It could serve as a reference when researchers design future RCTs or when clinicians advise their patients. Besides, we updated the estimation by including the most recent studies. A recent meta-analysis based on individual patient data showed a significant reduction in GDM by lifestyle modifications during pregnancy, but was performed up to March 2015 and included just 29 studies and 11 118 women. We updated the results with 19 more recent studies and found the same relative risk of 0.77, which also attested to the robustness of the effectiveness.
The generalisation of our results might be limited by the following factors. First, the included trials adopted various GDM diagnostic criteria, which made it difficult to compare the effect size of different studies on common ground. Second, not all trials reported gestational weight gain, the attendance rate for exercise sessions, or daily calorie intake, as demonstrated in Figure 2 . As a result, our estimations based on the present publications were susceptible to reporting bias. Third, diverse intervention adherence was reported by the RCTs. It reminded us of the difficulty in implementing lifestyle interventions in real-life non-ideal conditions, and researchers need to bear this in mind when designing interventions and applying the conclusions of this study.
Interpretation
Screening and targeting the high-risk population for GDM by risk prediction models Most of the included studies were aimed at women who were overweight or obese, but it was questionable to simply equate high BMI with a high risk of GDM or a promising effect of interventions. Indeed, being overweight or obese was an acknowledged risk factor for GDM, but other factors also affected the incidence of GDM, such as ethnicity, age, medical history, and family history. For example, at a BMI of 22.0-24.9 kg/m 2 , Asian women faced a far higher risk of GDM than non-Hispanic white women (10.1 versus 2.3%). 63 In the present study, we also found that trials mainly recruiting Asian, African, and Latino women displayed a significantly larger effect size than those mainly recruited white women. Considering that these ethnic groups faced a higher risk of GDM, 63 this is consistent with our finding that interventions implemented in a high-risk population showed better effectiveness. Both the results for BMI and ethnicity prompted us to make a comprehensive assessment of GDM risk. A number of risk evaluation models have been proposed and validated, which was of great value in identifying the high-risk population. 64 Based on our findings we recommend screening and interventions for the truly high-risk population by a thorough risk evaluation model, rather than simply using BMI as a guide.
Starting the interventions early
The optimal preventive effect was seen in interventions started early in pregnancy ( Figure 3C ), which leads us to assume that interventions before pregnancy would have even better effect. Actually, women who were overweight or obese were recommended to lose weight before conception by the UK National Institute for Health and Care Excellence (NICE) guidelines, which would not only improve pregnancy rates but also reduce pregnancy complications. 65, 66 Tobias et al. 67 also summarised that pre-pregnancy physical activity could reduce GDM by 55%, whereas exercise in early pregnancy only managed to reduce GDM by 24%. Therefore, a healthy lifestyle should be adopted as early as possible.
Minimum intensity of interventions to make a difference Lifestyle modifications are hard to implement, so we need to know the minimum requirements for interventions to be effective. The present study provided a tool to estimate the outcome when we're designing an intervention, and also a framework to comprehend the merits and demerits when we're reviewing an intervention. Take the famous UPBEAT trial (ISCRTN89971375) for example: 58 the participants were women of multiple ethnicities residing in the UK who were obese, and the baseline GDM risk was about 26.4%. Interventions started from about 17 weeks of gestation and consisted of eight weekly coaching sessions on behavioural modification and self-monitoring of diet and exercise. Gestational weight gain was significantly decreased (5.0 versus 5.4 kg before OGTT). Physical activity was significantly increased in the intervention group compared with the standard care group [30.6 versus 23.1 h/week, calculated as metabolic equivalents (METs)], but moderate and vigorous activity was comparable. Self-reported energy intake was significantly reduced (1624 versus 1791 kcal/ day). In the end, the RR was 0.96 (95% CI 0.79-1.16). We proposed that the null result was linked to delayed initiation and the unsatisfactory intensity of the interventions. Although the reduction in gestational weight gain and the increase in exercise were statistically significant, the amplitude of the changes was well below what was expected from the models (Figure 3 ). Consistent with this finding, Zhang et al. 68 proposed that an increase of 16 MET-h/week of exercise was a minimum requirement to reduce GDM, and that vigorous exercise was recommended when appropriate; however, UPBEAT only managed to increase the exercise undertaken by 7.5 MET-h/ week, with no improvement in moderate or vigorous activity.
Self-reported food diaries or physical activity was affected by performance bias and was therefore difficult to analyse, but changes in diet and exercise would be reflected in weight changes. The correct range of gestational weight gain (GWG) was recommended by the Institute of Medicine (IOM) 2009 guidelines, 69 but a substantial proportion of women still had excessive GWG. 70 As Brunner et al. concluded, excessive GWG increased the risk of GDM by about 40% compared with non-excessive GWG. 71 We believed that GWG could serve as a goal of the interventions and also a simplified and objective measure of intervention intensity.
Conclusion
According to our analyses, diet and exercise during pregnancy were preventive of GDM (RR 0.77, 95% CI 0.69-0.87). The effect of lifestyle interventions on preventing GDM depended largely on four key aspects. We recommend researchers, clinicians, and pregnant women should evaluate GDM risk by comprehensive prediction models rather than simply by BMI. Once the high-risk population has been identified, intensified diet and exercise modifications should be initiated and gestational weight gain should be controlled from early pregnancy.
Disclosure of interests
None declared. Completed disclosure of interests form available to view online as supporting information.
Contribution to authorship
XYG, XHF, and XPC researched, extracted, and evaluated the data, XYG and MXJ performed the data analyses, LZ and TTY wrote the manuscript, and XML and JZS critically revised the manuscript. JS and HFH provided the idea and contributed to the discussion. All authors reviewed and approved the article before publication.
Details of ethics approval
No ethics approval was required for this study. 
